ABSTRACT In this paper, we propose a novel coordinated control method based on decoupling servo control to design a 4-DOF direct-drive SCARA robot for wafer handling purpose. As the basis of decoupling servo control, the dynamic model of the SCARA robot is obtained with two methods, the Newton-Euler equation, and Lagrangian equation. The validity of this SCARA dynamic equation is confirmed by these two methods. Due to disturbance and model uncertainty, three PD plus robust controllers are individually applied to three axes of the SCARA robot, together with decoupling control on three physically dynamically highly coupled robotic arms. The inverse dynamics of the SCARA robot is analyzed by feedback linearization, and the experimental results show that above PD plus robust controllers and decoupling control reduce the position tracking error effectively. Performance meets with the high speed and high precision requirements in the wafer handling process. The experimental data shows that the decoupling control algorithm makes the SCARA robot performance improved a lot. The position errors during dynamic tracking movement and the static errors are reduced by 4 to 20 times.
I. INTRODUCTION
With high density integration of integrated circuits, the precision and motion smoothness requirements of wafer handlers are getting stricter and stricter. Wafer handling SCARA robot, an indispensable device in the Integrated Circuits manufacturing, can transfer and align wafers during different working procedures [1] - [4] . Meanwhile, Wafer handling robot is a multi-disciplinary product including machinery, electronics, computer, and in the limited space to achieve the rapid conversion of the wafer station, so an increasing demand for a higher speed, higher reliability, and higher action precision [5] .
Several methods have been proposed in the paper related to the design controllers for robot manipulators such as proportional-integral-differential (PID) [6] - [8] , sliding mode control [9] - [11] , fuzzy logic control [9] , [12] , [13] ,
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adaptive control [14] - [16] , neural network [17] - [19] , backstepping method [20] , [21] , artificial intelligence [22] , etc. The work of Son et al. [23] proposes a control system combining adaptively feed-forward neural controller and PID controller. The adaptively feed-forward neural controller dynamically identifies all nonlinear features using an inverse neural NARX (INN) model. The experimental results of their work have shown the performance and merits of the proposed control method. However, the control algorithm is complicated. The work of Fateh and Fateh [24] proposes a finetuning fuzzy control of robots. With this controller, trajectory tracking control simulations and experiments were carried out using an articulated electrically driven robot manipulator. The convergence analysis can robust track target path efficiently. However, the fine-tuning fuzzy control adapts only one fuzzy rule. The work of Rossomando Soria [25] proposes a neural sliding mode dynamic control in the discrete-time domain. The weights of the radial basis functions (RBF) can be regulated by an online adaptation law. The sliding surface can limit the adaptation law, and the compensation by sliding surface is designed to delete the approximation error introduced by the neuronal controller. However, the neural sliding mode dynamic control theory is not yet integrated, the parameter setting is difficult and the application field is limited. Since the SCARA robot manipulator being composed of several joint bonded together so that the joint have highly nonlinear dynamics with a strong link between them, traditional method is difficult to achieve good dynamic and stability performance.
In recent years, with the development of non-linear control, decoupling servo control has attracted much attention. Decoupling servo control is based on the concept of the nonlinear estimation. Several paper [26] - [28] have been proposed related to decoupling servo control. However, decoupling control has not been applied to robots with 4-DOF direct-drive robot. In this paper, we propose a novel coordinated control method based on decoupling servo control to design a 4-DOF direct-drive SCARA robot is for wafer handling purpose. As the basis of decoupling servo control, the dynamic model of the SCARA robot is obtained with two methods, the Newton-Euler equation and Lagrangian equation. The derivation results of these two methods meet with each other. Due to disturbance and model uncertainty, three PD plus robust controllers are individually applied to three axes of the SCARA robot, together with decoupling control. The inverse dynamics of the SCARA robot is analyzed by feedback linearization, and the experimental results show that above PD plus robust controllers and decoupling control reduce the position tracking error effectively. The experimental data shows, decoupling control algorithm makes SCARA robot performance improved a lot. The position errors during dynamic tracking movement and the static errors are reduced by 4 to 20 times.
This work is organized as in the following way: Section II shows the mathematical representation of the SCARA robot kinematics and dynamics. The feedback decoupling linearization and robust control of the decoupled system are studied in Sects. 3. The simulation models of SCARA robot is shown in Sect. 4 . Experimental results are shown in Sect. 5, showing the performance of the controllers. Finally, the conclusions are shown in Sect. 6. Fig. 2 reflects the structure of the SCARA robot, which has three rotational joints distributed in the X-Y plane and a prismatic joint along the Z-axis (vertical axis) direction. Since the three rotational joints of the direct drive SCARA robot on the XY plane are strongly coupled, this paper focuses on the kinematics and dynamics mode of the three rotational joints. Three rotational arms are called Shoulder, Elbow, Wrist, respectively (see Fig. 1 ). Based on above definitions and explanations, this paper proposes a direct-drive SCARA robot decoupling control algorithm. Figure 2 shows the modified D-H coordinate system of each joint, the length of each link and the centroid of each link e Now we use these Link parameters to compute the Jacobian Matrix of the SCARA robot.
II. THE KINEMATICS AND DYNAMIC MODEL OF SCARA ROBOT
Let: (x S , y S ) = (0, 0) Through the geometrical relationship between the various links, we can get the following equations
By dividing both sides of Eq. (3) by the differential time element, we get the Jacobiaṅ
The general form of the Jacobian (In the X-Y plane) is
From Eq. (6), it's clear that the Jacobian reflects the transformation from joint velocities to Cartesian velocities. The Jacobian written in Eq. (6) is derived from Eq. (4) and Eq. (5) as below
where S SEW is the abbreviation of sin(
, C S for cos(θ S ) and so on. The length of the link R i , centroid of each link L i , the angles θ S , θ E and θ W are shown in Fig. 2 .
B. DYNAMIC MODEL
In this part, the Newton-Euler equation and the Lagrangian equation are used to obtain the dynamic model of the SCARA robot, respectively. The Newton-Euler equation is used first. The force relationship between the links of the SCARA robot is shown in Fig. 3 . By using force equations (Newton's 2nd law) and moment equations (Euler's law), we can derive the force equations for arms of SCARA robot 
where n W , n E , n S are moment (or force) on three joints of the SCARA robot, and m i , I i are the mass and inertia of each link, respectively.
where θ,θ,θ are joint angle, velocities, and accelerations respectively. Substituting the variables (the acceleration of each centroid, the coordinates of the position of each centroid, the coordinate position of each link) into equations (11), (12) , and (13). After simplification, it's shown as below
When the Newton-Euler equations are evaluated symbolically for any manipulator, a dynamic equation is yielded and can be written in the form
where M (θ ) is the n × n mass matrix of the robot, V (θ,θ) is an n × n matrix of centrifugal and Coriolis terms, and G(θ) is an n × 1 vector of gravity terms, τ is the n × 1 vector of actuator torques. With Eqs. (14), (15), (16) and (17), the dynamic model of the SCARA robot can be expressed through Eqs. (18) 
(27)
As well, the Lagrangian equation is used to obtain the dynamic model of the SCARA robot.
Lagrangian Equation:
where, T is kinetic energy, u is potential energy, q i is angle (or displacement), and τ i is moment (or force) of its DOE [29] . Kinetic energy of planar motion of a rigid object is shown below
So, for this 3-arm SCARA
where
So, τ E and τ S can be obtained similarly.
where τ S , τ E , τ W are the actuator torques of Shoulder, Elbow, Wrist, respectively. By comparing the equations and results from above two methods, we have the equations below
Above equations show the two methods validate each other and verify the correctness of this dynamic equation of SCARA robot. Since the decoupling control algorithm focuses on three rotational joints (only the X-Y plane motion) of the SCARA robot, the vector of gravity terms becomes zero as below
III. SERVO AND DECOUPLING CONTROLLERS
The PID controller is a simple feedback structure for presentpast-future, which does not depend on the precise mathematical models of the dynamical systems to be controlled [30] . So, PD controller is one of the most widely used controllers in the field of industrial robots. Due to mechanical system disturbance and model uncertainty, if Only the PD controller is used, the performance of the robot cannot be met. Therefore, the robust control theory is used to design of the SCARA robot controllers. Since three rotational joints of the direct drive SCARA robot on the X-Y plane are strongly coupled and Feedback linearization scheme can realize decoupling linearization of the mechanical dynamic system, it is a good way to use the PD control together with robust control and the feedback decoupling linearization scheme. The decoupling principle of this control algorithm is analyzed in Section A.
A. FEEDBACK DECOUPLING LINEARIZATION
The basic idea behind the feedback linearization is to design a nonlinear controller that linearizes the nonlinear system by an appropriate state space coordinate change. A second-stage control law can then be designed in the current coordinates to fulfill the main requirements of control, such as decoupling, against disturbances, and model uncertainties [31] . Combined with the previously discussed Eq. (17), the control law u is written as
The joint angle error, velocity error, and acceleration error are defined as e = θ d −θ,ė =θ d −θ,ë =θ d −θ respectively. The control law u becomes
where λ > 0 leads to an exponentially stable closed-loop system. The closed-loop error dynamics can be derived from Eq. (46) and (47) as [32] e + 2λė + λ 2 e = 0 (48)
The SCARA robot closed-loop control model is shown below
This closed-loop control algorithm (Eq. (49)) is called the computed torque method. PD control is introduced in the closed-loop control model (Eq. (49)), the control law u is defined as where, 
The block diagram (Fig. 4.) shows two feedback loops: internal loop based on robot dynamics model and outer loop based on tracking error. The internal loop is intended to obtain a linear and decoupled input-output relationship, while the outer loop is to stabilize the entire system. Since the outer loop is a linear stationary system, the controller design can be simplified. The stability of the control algorithm is very important for any mechanical system. In [33] , A Lyapunov function is constructed and the above control algorithm is proved to have global asymptotic stability.
B. ROBUST CONTROL OF THE DECOUPLED SYSTEM
The PD controllers used in above session are simple. However, many uncertainties still exist because of mismatching of the model parameters, frictions and disturbances. Robust control is based on a nonlinear model with uncertainty to analyze the system and design the controller. Therefore robust control theory is looked as a worst-case analysis method rather than a typical case method. It is thus a good choice for the complicated system like SCARA robot with many uncertainties and high frequency resonances [34] . The H ∞ control problem in practice can be transformed into the standard H ∞ control problem, as shown in Fig. 5 .
Where, w ∈ R l is the input signal, u ∈ R n is the control signal, y ∈ R m is the measurement feedback signal, and z ∈ R p is the control output signal. According to the dimensions of w, z, u and y, the G(s) can be derived. From Fig. 6 , the control system can be written as
where,
. From Eq. (52), the transfer function between w and z becomes
where, T zw (s) is the transfer function matrix from w(s) to z(s), I m is the unit matrix. The feedback controller k(s) makes the closed-loop control system stable and the sub-optimal stabilized controller satisfies the below weighting equation:
In order to achieve an effective H ∞ controller, a coefficient γ is introduced to trade off more on performance. This idea can be explained more clear that performance is sacrificed 47148 VOLUME 7, 2019 to ensure that there exists a H ∞ controller, which is stable, unsaturated, and robust as requested. And through tuning γ , we may expect to acquire the ideal gain of SCARA robot H ∞ controller at low frequencies. Fig. 6 shows the SCARA MIMO decoupling control and the servo control structure.
In this system, robust controllers solve interference problems. The decoupling controller solves the nonlinear problem.
IV. SIMULINK MODELS OF SCARA
Dynamics of the SCARA robot and decoupling controller are modeled in MATLAB Simulink environment. The Simulation model is shown in Fig. 7 . Because the high frequent dynamics cause the motor to make noise, a low pass filter is added. Because this signal contains the low frequent acceleration profile, this data is smoothened and then subtracted from the original data. A movement from folded configuration to extended configuration can be considered as the most critical since at the final stage the decoupling effect and inertia plays a large role. The Simulation model of the Shoulder, Elbow and Wrist is shown in Fig. 8, 9 , and 10, respectively. The Simulation models of Shoulder, Elbow and Wrist have different independent dynamic variables. The simulation packages allow independent simulation variables. The control coefficients are illustrated in Table 2 .
The decoupling and non-decoupling link angle errors of the Shoulder, Elbow and Wrist are given in Fig. 11, 12 and 13 , respectively. The maximum angle errors by decoupling control are about 0.1 rad for the Shoulder, 0.001 rad for the Elbow and 0.007 rad for the Wrist. 
V. EXPERIMENTAL RESULTS
Parameters of the SCARA robot (Fig. 14) are listed in Table 3 . Three optical encoders are attached to each Direct-drive motor with 4 × 106 counts per rotation and the sampling frequency is set to 4 kHz. Fig. 15 shows SCARA robot performance comparisons with decoupling and with no decoupling control when shoulder move from 0 to 180 degree, as well as wrist and elbow axes. Fig. 15 shows that the decoupling control algorithm improves a lot the position tracking accuracy of the manipulator by improving the dynamic motion performance and reducing the static tracking error.
As can be seen from Fig. 15, 16 , and 17 the decoupling control algorithm and the no decoupling controller in about two seconds can make the SCARA robot system to reach a steady state, and the response speed roughly equal. Further analysis, by using the decoupling control algorithm, the threeaxis overshoot of the SCARA robot is significantly reduced. Especially the elbow axis, compared with no decoupling controller, the use of decoupling control algorithm can reduce the position error by as much as 20 times. The shoulder axis and wrist axis position error is also roughly reduced by 4 to 8 times.
VI. CONCLUSION
In order to meet the high speed and high precision requirements in the process of wafer handling, this paper proposes a 4-DOF direct-drive SCARA robot. Based on coupling structure of the SCARA robot, the PD control coupled together with robust control and the feedback decoupling linearization control algorithm are presented and the corresponding controller and servo structure are designed. Through above control algorithm, the SEW (Shoulder, Elbow, Wrist axes) decoupling servo control is achieved. The experimental data shows, by comparing to non-decoupling control, decoupling control algorithm makes SCARA robot performance improved a lot. The position errors during dynamic tracking movement and the static errors are reduced by 4 to 20 times. She is currently a Professor with the School of Electromechanical Engineering, Guangdong University of Technology, Guangzhou, China. Her research interests include microelectronic packaging, LED packaging, thermal management design, and so on.
